Density functional theory (DFT) calculations are carried out to study the structure and electronic structure of amorphous zinc oxide (a-ZnO). The models were prepared by the "melt-quench" method. The models are chemically ordered with some coordination defects. The effect of trivalent dopants in the structure and electronic properties of aZnO is investigated. Models of a-X 0.375 Z 0.625 O (X= Al, Ga and In) were also prepared by the "melt-quench" method. The trivalent dopants reduce the four-fold Zn and O, thereby introducing some coordination defects in the network. The dopants prefer to bond with O atom. The network topology is discussed in detail. Dopants reduce the gap in EDOS by producing defect states minimum while maintaining the extended nature of the conduction band edge.
Introduction
Crystalline ZnO has important application as a piezoelectric material and due to its property of being transparent in visible light [1] . It has a wide direct band gap (∼ 3.37 eV at 300 K) which makes it a promising candidate for optoelectronic devices [1, 2] . Therefore, there has been a wealth of experimental work in crystalline ZnO (a-ZnO). On the other hand, the study of amorphous ZnO is still in its nascent stage compared to its crystalline counterpart as far as the experimental work is concerned.
The amorphous transparent oxide materials have immense use in device technology [3] . Ionic amorphous oxide semiconductors like a-ZnO have high electron mobility (∼ 5-40 cm 2 /V s) compared to the covalent amorphous semiconductor like a-Si (∼ 1 cm 2 /V s)which make them a better candidate for the device application such as thin film transistors (TFTs) [4] . Experimentally, various techniques such as pulse laser deposition [5] , molecular beam epitaxy [6] , radio-frequency magnetron sputtering [7] etc. have been used to make a-ZnO and the structure obtained is highly dependent on the substrate material and temperature. There are advantages of a-ZnO over its crystalline counterpart. First, it is easier and cost efficient to produce a large amorphous sheet compared to a large single crystal. Also, the a-ZnO has been prepared at low temperature (∼ 300 K) compared to crystalline ZnO (∼ 800 K -1100 K) and its optical properties over the wide spectral range has been investigated [1] . On doping trivalent elements such as Al, Ga and In on a-ZnO mobility can be increased significantly [8] .
In this work, we report the structure and electronic properties of amorphous phases of ZnO and a-ZnO doped with trivalent dopant atoms such as Indium (In), Gallium (Ga) and Aluminium (Al) using a plane wave basis density functional theory (DFT) and comparisons with the experiments and other molecular dynamics (MD) simulations are made when possible. For the first time, accurate methods are used to compute the topological and chemical order of the materials and determine electronic characteristics. The paper is arranged as follows. In Section II, we provide details about the computational technique used in modeling various models. In Section III, we present the simulation results for a-ZnO and a-X 0.375 Z 0.625 O (X= Al, Ga and In) and make comparisons with experiments and other MD methods.
Computational Methods
Ab initio calculations are performed using the DFT code VASP [10, 11, 12] using projected augmented plane waves (PAW) [13] with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [14] and a planewave cutoff off energy of 300 eV. All calculations were carried out at Γ point. We have prepared a model by using the melt-quench method. For a-ZnO, the system consists of 128 atoms in a cubic box of length 12.34 Å corresponding to the experimental density of 4.6 g/cm 3 [2] . The random starting configuration is equilibrated at 5000 K is cooled to 3000 K at 100 K/ps followed by an equilibration of 5 ps. The structure at 3000 K is cooled in steps to temperatures 2300 K, 1600 K and 300 K at the rate of 50 K/ps followed by 5 ps equilibration in each temperature. Finally, the structure at 300 K is quenched to 0 K at the rate of 25 K/ps which is again followed by equilibration of 5 ps. The structure is then relaxed using the conjugate gradient (CG) method. This model is termed as Model 1. To contrast different quench rates, the configuration at 3000 K was also cooled to 300 K at a rate of 180 K/ps followed by the equilibration of 5 ps. The model is relaxed using CG method. Finally, the equilibrated structure is quenched to 0 K at a rate of 50 K/ps and then equilibrated for another 5 ps. We call this model as Model 2. For a-X 0.375 Z 0.625 O (X= Al, Ga and In), a random starting configuration of 128 atoms was melted at 5000 K followed by cooling to 3000 K at 100 K/ps and then equilibrated for 5 ps. A schedule of cooling is carried out at temperatures 2300 K, 1600 K and 300 K at a rate of 25 K/ps followed by the equilibration of 5 ps in each temperature. Finally, the structures are cooled to 0 K at the rate of 40 K/ps followed by the equilibration of 5 ps. The final structures are volume relaxed to estimate the density. The cubical box lengths for Al-, Ga-and In-doped models after volume relaxations are 12.26 Å, 12.28 Å and 12.31 Å respectively. We find no strong dependence on the quenching processes.
Results

Amorphous Zinc Oxide (a-ZnO)
Structural properties are investigated by the radial distribution functions (RDFs) and partial radial distribution functions. The total RDFs for Model 1 and Model 2 are shown in Fig.1 . The partial pair correlation functions for Zn-Zn, Zn-O and O-O are shown in Fig.2 . The partials for both models show similar features. For both Zn-Zn and O-O partials, the first peak is around 3.40 Å Table 2 . The network is chemically ordered. We calculated the coordination number for Zn and O given by the average first neighbour atoms around Zn or O as a reference atom. Most of the atoms are four-fold coordinated with above 75% of four-fold coordinated Zn and O in all four models. Our models exhibit a higher percentage of fourfold Zn compared to the model obtained from empirical molecular dynamics simulation model (∼ 60%) [2] in Table 1 . The DFT energy per atom for Model 1 is -4.36 eV/atom and for Model 2 is -4.34 eV/atom (Table  1) . This suggest that Model 1 is energetically favorable compared to Model 2.
The electronic structure is analysed by calculating the electronic density of states (EDOS) and inverse participation ratio (IPR) of the individual states. The EDOS is shown in Fig.3 (black) and the green vertical lines represents the electronic state localization measured by IPR [15, 16] . The value of IPR is 1 for highly localized state and 1/N for extended state, where N is the number of atoms. The IPR in Fig.3 shows that the localization of valence tail states much larger than the conduction tail states. Thus, the mobility of n-type of carrier is expected to be much higher than the p-type. This feature supports the asymmetry in the localization of valence and conduction band tail states in amorphous metal oxide by Robertson [4] . Similar asymmetrical behavior in amorphous gallium nitride was shown by Cai and Drabold [17] .
The band gap (gap between the highest occupied electronic state and the lowest unoccupied electronic state), in the model is 1.36 eV which is slightly less than the experimental band gap of 1.60 eV between the valence band edge and Zn4s4p states [18] . The underestimate of the band gap is of course expected in the DFT-GGA calculation. To investigate the effect of trivalent dopants on local coordination and electronic structure of a-ZnO, 37.5% of Zn is replaced by group III elements X (X= Al, Ga and In) to model a-X 0.375 Z 0.625 O. The atomic percentage of dopants in all the models is 18.75%. The effect of dopants in the structure and electronic properties are investigated by RDFs, partial pair correlation functions and electronic density of states.
The total RDFs for In-doped a-ZnO is shown in Fig.4a . The Zn-O correlation is not affected by the presence of dopants while there is a slight decrease in the correlation peaks for Zn-Zn and O-O which is illustrated in Table 2 . The peak positions are obtained from the partial pair correlation functions shown in Fig.4b for In-doped a-ZnO and similar plots for Al-, and Ga-doped a-ZnO which is not shown here. The Zn-Zn and In-In distances in our model are around 3.20 Å and 3.50 Å which is close to 3.20-3.40 Å for Zn-Zn and 3.30-3.6 Å for In-In of classical MD model [19] . This compares well with the average metalmetal peak in x-ray diffraction measurements of IZO thin layers [20] . Also, the Zn-O and In-O distances in our model are around 2.00 Å and 2.20 Å compared to the 1.95 Å-and 2.20 Å respectively of the classical MD model [19] . These peak positions are consistent with the metal-oxygen peaks at 2.12-2-14 Å in the experiment [20] .
The electronic density of states (EDOS) for a-X 0.375 Z 0.625 O (X= Al, Ga and In) models compared to that of a-ZnO at 0 K is shown in Fig.5 . The introduction of dopants clearly reduces the gap by introducing the defect states. The localized states near the valence band edge induced by doping can be inferred to the increase in undercoordinated O atoms in the network introduced by doping. The conduction band edge is unaltered by the addition of dopant elements. The extended nature of the conduction band is preserved by the addition of dopants which is in accordance to the conclusion by Hosono [8] . On the other hand, in crystalline ZnO doped by group III elements Al, Ga and In, the dopants form extra localized level in the conduction band, which modifies the conduction band and reduces the optical band gap [9] .
Conclusions
In conclusion, we have created models of amorphous zinc oxide (a-ZnO) using melt-quench method and studied their structural and electronic properties in detail. The electronic band gap of our model is 1.36 eV which is in reasonable agreement with the experimental band gap 1.60 eV. We have calculated the DFT energies for the two models of a-ZnO obtained by different quenching rate for comparison. The effect of trivalent dopants in the local structure and the electronic structure of a-ZnO is investigated in detail by preparing a-X 0.375 Z 0.625 O (X= Al, Ga and In) models by meltquench method. The dopants reduce the number of 4-fold coordinated Zn and O in the network and most of them prefer to bond with oxygen. The electronic gap is reduced by the presence of defect states by forming undercoordinated O states in the valence band edge while the conduction band edge is still extended. Coordinates are available upon request.
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